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TWO-DIMENSIONAL, SUPERSONIC MIXING OF HYDROGEN
AND AIR NEAR A WALL

Charlie L. Yates

Applied Physics Laboratory, The Johns Hopkins University
Silver Spring, Maryland

SUMMARY

A fuel injection scheme for air-breathing engines employing super-
sonic combustion that is particularly attractive at hypersonic flight speeds
is to inject the fuel from the wall parallel to the airstream. In the past,
data have not been available to permit a comprehensive design of such a
system on either an analytical or an empirical basis. The purpose of this ex-
perimental program was to obtain detailed information on turbulent mixing near
a solid wall in a high-speed flow with a view toward establishing a basis for
an analytical solution of this flow problem.

In the tests, hydrogen was injected from a rectangular wall-slot at
Mach 1.19 parallel to a Mach 2.1, two-dimensional airstream such that the
initial pressure of both streams was atmospheric. The stagnation temperature
of the air was ambient, while the hydrogen stagnation temperature was either
ambient or 960°R, resulting in two values of the hydrogen-to-air mass flux
ratio: 0.120 and 0.088. Pitot-pressure, cone-static-pressure, stagnation
temperature and gas sampling probe data were obtained across the flow for
downstream distances up to 30 slot heights. From these data, pressure, temper-
ature, composition and velocity profiles were deduced and used to determine
certain characteristics of the turbulent mixing process.

The data show that a decrease in the hydrogen-to-air mass flux ratio
at a constant value of the momentum flux ratio results in increased mixing,
which is exemplified by both the higher growth rates of the mixing layer
thicknesses and by the larger decay rates of the maxima of velocity and species
composition. Beyond the transition region, the mixing layers were found to
grow nearly linearly, with the species and energy layer thicknesses being
nearly identical and greater than the momentum layer thickness. In addition,
the species composition profiles appeared to approach a condition of similarity
within the distance covered by the tests.



INTRODUCTION

Among the possibilities for gaseous fuel injection into the super-
sonic combustors of scramjet engines is that of injecting the fuel downstream
and adjacent to the combustor wall (Fig. 1). The main advantage of this
approach, compared with injection from a wall at an angle to the air stream or
instream injection devices, is the smaller momentum loss incurred with this
scheme since strong shock waves can be largely avoided. This consideration is
particularly important at high flight speeds where the momentum added via com-
bustion is a relatively small portion of the total available. On the other
hand, the slower mixing rate expected for this geometry raises important ques-
tions on the combustor length required for complete chemical reaction and the
flow field quality at the inlet to the exhaust nozzle. From a more general
viewpoint, this geometry, which is conventionally called the two-dimensional,
turbulent wall jet, is of practical interest because of its possible applica-
tion to boundary layer control and to film cooling.

Several studies (e.g., Refs. 1 to 4) have been made of the wall jet
under the condition of subsonic injection and freestream velocities. These
have usually shown that the flow field could be divided into two distinct
regions: 1) the wall-adjacent or immner flow region, in which the wall influ-
ence is operative; and 2) the outer flow region, which behaves similar to the
planar free mixing layer. Moreover, it has been shown that scale factors can
be defined for each region of the flow such that they exhibit self-similarity
characteristics similar to those found for the pure flows (i.e.,the flat-plate
boundary layer and the planar, free mixing layer).

Studies have been made of subsonic injection into a supersonic pri-
mary flow, with particular emphasis on film cooling (Ref. 5) and boundary-
layer control (Ref. 6). Relatively few studies have been made for the case
of supersonic primary and secondary flows (Refs. 7 and 8). 1In general, the
studies conducted for the supersonic case have not been of great detail in
terms of measuring the complete flow field character. As a result, sufficient
information was not available to guide analytical solutions of this flow prob-
lem. The present work was undertaken to provide the more detailed flow field
data that are required for a successful analytical treatment.

The present results were obtained for hydrogen injection at Mach
1.19 into a Mach 2.1 airstream. In-stream probe measurements are used to de-
duce the development of pressure, temperature, concentration and velocity
profiles for two conditions of injectant-to-airstream mass flux ratio (0.088
and 0.120). From these profiles, there are determined integral flow proper-
ties, the widths of the turbulent transfer layers and the decay rates of
maximum velocity, temperature and hydrogen mass fraction.

The author is grateful for the contributions of Dr. Joseph A. Schetz,
Consultant, who proposed the research program and offered many helpful sugges-
tions during its performance. The valuable assistance of Mr. James M. Cameron
in the experimental work is also gratefully acknowledged.
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NOMENCLATURE
slot height, ft
cone-static probe pressure coefficient
shear force per unit area, lbf/ft2
static enthalpy, Btu/lb
stagnation enthalpy = h + u®/2, Btu/lb
turbulent mass flux in normal direction, 1bm/sec-ft2
Mach number
molecular weight
static pressure, 1bf/ft2
pitot-pressure, 1bf/ft2
turbulent heat flux in normal direction, Btu/sec=-ft?
temperature probe recovery factor
Reynolds number = pua/y
gas constant
temperature, OR
measured stagnation temperature, °R
T, = (Tp + Te,)/2
axial velocity, ft/sec
normal velocity, ft/sec
axial distance from slot exit plane, ft
dimensionless axial distance = x/a
species mole fraction
vertical distance from test section upper wall, ft
dimensionless vertical distance = y/a

dimensionless location of transfer layer

Y=yl



w

w

distance from centerline toward sidewall

o = puH, Btu/sec-ft®

mass flux ratio = p,u,/p u
jiTee

specific heat ratio

ry
AF = 17 [1 = (pu/p uy) ldy
e e
0
7
dimensionless displacement thickness = J ¢ [1 - (pu/peue)]dy
0
. . . rye
dimensionless energy thickness = | [(H/He) - 1] (pu/peue)dy
0
ry
®=] ody
0]
f:_r'y
®=Je(.de
0
rYe
dimensionless momentum thickness = J [1 - (u/ue)] (pu/peue)dy
0

viscosity, 1bm/ft—sec
density, lbm/ft3
shear stress, lbf/ft2
_ 2 -
¢ = (p/pu”) + [(u/u) - 11 (pu/p u)
species mass fraction

w=E1l- [ng/(ng)w]

Subscripts

C

Hp

cone probe condition
freestream condition
hydrogen condition

i-th species

injectant (Hz) condition
shock condition
stagnation condition

wall condition



EXPERIMENTAL APPARATUS AND PROCEDURE

Test Model and Facility

A schematic of the two-dimensional experimental model, including
important dimensions, is shown in Fig. 2. The installed model is shown in
Fig. 3 with the near-side window frame removed. The model was fabricated of
uncooled, stainless steel except for the two nozzle blocks, which were con-
structed of nickel and had water-cooling passages in their throat regions.

It was intended that the model be capable of withstanding the heating loads
associated with short-duration combustion tests; hence, a heat-sink approach
was used and all components were heavy-walled. Each side-wall was equipped
with two 3-inch-diameter, heat-resistant windows of Schlieren quality mounted
eccentrically in removable frames which could be rotated 180°, so that the
complete length of the test section could be observed in successive tests.
The contoured block of the air half-nozzle was graphically designed by the
method of characteristics (Ref. 9), assuming uniform flow at the throat sec-
tion and neglecting boundary layer effects. The design Mach number was 2.10.

The removable injector box was equipped with a 0.265-inch-thick
aerogrid plate containing 196 holes on equal-area centers. Each hole consis-
ted of a 0.055-inch-diameter x 0.077-inch-long cylindrical inlet folilowed by
a diverging section whose included angle was 20°. The aerogrid, which was
operated in a choked-flow condition, provided a nearly uniform flow across
the injector nozzle exit plane. Two stiffening rods, which can be seen in
Fig. 3, were provided between the splitter plate and the upper block of the
injector nozzle 0.193 inch upstream of the exit plane. The injector design
Mach number (Mj) of 1.19 was chosen for the following reasons:

1) To minimize disturbances at the injector lip, the pressure
in the two streams were matched by presetting plenum conditions in
each. To avoid pressure communication back to the respective plenums,
both streams had to be sonic or supersonic, i.e., Mj > 1.0.

2) In the case of combustion tests, Mj should be kept relatively

low, so that the injectant static temperature would not be greatly re-
duced (thereby degrading ignition conditions).

The upper wall of the test section was provided with 13 static pres-
sure taps, whose spacing varied from ~ 0.6 inch near the injector exit plane
to 1.0 inch at a downstream distance of 8.0 inch and beyond. Five static
pressure taps were spaced along the contoured air nozzle block. Ten thermo-
couple assemblies were spaced at intervals of 1.0 inch or less along the test
section upper surface, 3 were located in the nozzle section, and 3 were brazed
to the air side of the splitter plate in the plane of the stiffening rods.

The sheaths of the latter 3 can be seen passing thru the injector flow area
in Fig. 3. Thermocouples and pressure taps were also located in the air plenum
and below the aerogrid in the injector plenum.



The experiments were conducted at the APL Propulsion Research Labor-
atory. Compressed air, which was filtered and dried, was stored in torpedo
flasks at 2000 psi. The air was supplied to the test area through remotely
operated valves. The hydrogen was supplied through remotely controlled valves
from a tank trailer. Hydrogen heating was provided by a nickel tube that was
resistance-heated. The 384-inch-long, 0.500-inch I.D. x 0.312-inch-wall,
thermally insulated tube acted as a resistance element in a D.C. circuit.

This heater was operated in a blowdown mode. The exhaust from the model was
discharged through a steam ejector exhaust system.

Flow Field Instrumentation

The in-stream instrumentation (Figs. 3 and 4) consisted of seven-
point pitot-pressure, stagnation-temperature and gas-sampling rakes, whose
probe tips were spaced at 0.203 inch center-to-center, and a five-point cone-
static-pressure rake with a probe spacing of 0.281 inch (the eight-point
pitot-pressure rake shown in Fig. 4 was used in the initial part of the pro-
gram). All probes were constructed of stainless steel. The pitot-pressure
probes were fabricated of 0.065-inch 0.D. x 0.009-inch-wall straight tubing.
The same size tubing was used for the gas sampling probes; however, the probe
tips were spun at a 15° half-angle to give a 0.0l15-inch inlet diameter, which
resulted in an internal expansion area ratio of 9.8:1. The stagnation tem-
perature probes consisted of chromel-alumel thermocouples in a 0.102-inch
0.D. x 0.020-inch-wall tube. The tube tips were spun at a 15° half-angle to
an inlet diameter of 0.030 inch. Four 0.008-inch-diameter, equally-spaced
bleed holes were drilled around the probe circumference in a plane 0.062 inch
aft of the thermocouple junction. The 0.125-inch-0.D., cone-static-pressure
probes had 15° half-angle tips. Four 0.0l5-inch-diameter, equally-spaced
pressure ports were located 0.170 inch from the tip and fed to individual
pressure instruments. The probe rakes were operated in pairs, with the two
pressure rakes being used together. The two rakes were mounted 0.72 inch to
each side of the test section centerline (z = +0.72, -0.72) such that their
tips were in the same y, z plane. They could be moved manually, 0.34 inch
in the vertical (y)direction and 8.0 inches in the axial (x) direction. 1In
the initial tests, the probe blockage was sufficiently large to produce a
standoff shock. To avoid this problem, transverse holes were drilled in the
rake bodies (Fig. &) to bleed the high pressure field between the probes to
the lower pressure outboard region. With the holes present, no standoff
shock was observed.

The pressure transducers and thermocouple output signals were stored
on magnetic tape by a digital data acquisition system which records at the rate
of 50 channels per second, and some channels were simultaneously recorded on
strip-chart recorders. The gas samples were collected in evacuated bottles
which were valved for remote operation. Subsequent to a test, the samples
were analyzed on a gas chromatograph. Several improvements in the gas chro-
matography equipment and techniques were made during this program (Ref. 10).

Test Procedure

The tests were conducted from a remote control area. The air flow
was initially set such that the air nozzle static pressure was atmospheric in
the plane of the injector exit. The facility exhauster was then started, after



which the hydrogen flow was established at a level required to give atmospheric
static pressure at the injector exit. Data were taken for a period of 10 seconds,
which was the minimum time required to obtain sufficiently large gas samples. In
tests where heated hydrogen was used, the heater was preheated to 1100°R, which
was sufficient to heat the supply lines and still permit a maximum temperature of
1050°R to be attained in the injector plenum. Data were taken durlng the time
that the injnctor plenum temperature decreased from 1010 to 910°R, a period of

10 seconds. After a test, the probe type and/or position was changed, and the
procedure was repeated.

EXPERIMENTAL RESULTS

Measured Data

Test Conditions - Table I shows the test conditions employed and the
legend used to plot the data in subsequent figures. The air and hydrogen Mach
numbers were 2,10 and 1.19, respectively, throughout the program. Air plenum
conditions were held essentially constant at Tt = ambient and Pty = 135 psia.
Variations in Tte of 72°R reflect daily and seasonal temperature changes (the
data were collected over a one year period), while the + 2 psi fluctuation
in Pt, Wwas the degree of test repeatability. The hydrogen plenum pressure,

ptj, was nominally 35.5 psia; however, fluctuations of as much as + 1.5 psi
were accepted in order to decrease the time required for more exact flow rate
settings and thereby conserve the hydrogen supply. The only planned change in
test conditions was applied to the hydrogen plenum temperature, Ti., for which
two values were tested: ambient (560° + 25°R) and 960°R. Again, daily and
seasonal variations are seen in the ambient temperature, which was usually 20
to 30°R higher than Tt, due to different storage environments. For the hot
hydrogen case, th is a time-averaged test condition (see Test Procedure).

The experiments were conducted in three series as follows: Series 1:
th = ambient, x = 2 to 7; Series 2: T, = ambient, x = 10 to 30; and
Series 3, Ty 960°R, x = 10 to 30. (Here x = %X/a, where X is axial dis-
tance from tﬁe slot exit plane, and a is slot height, 7/32 inch.) Data were
taken for values of y =0 to 6 (y = y/a, where ¥ 1is vertical distance from
the upper wall). The order of run numbers in Table I is explained by the fact
that Series 2 was actually conducted prior to Series 1. 1In order to identify
the data in subsequent figures, the information contained in Table I has been
used to define average test conditions for each of the above series, and these
conditions are listed in Table II together with some ideal, initial flow prop-
erties that will be useful in future discussions. The parameter chosen to
identify the data is B = pj ujﬁgeue, which is ~ 0.120 for ambient temper-
ature and 0.088 for TtJ = 960"R.

Schlieren Pictures - A limited number of Schlieren photographs was
taken for the purpose of studying qualitative features of the flow field.
Figure 5 shows a typical photograph,which was taken for B = 0.120 (the probe
tips are located at x = 10). The portion of the mixing .region in which large
gradients in the flow occur is clearly discernible. The finite thickness of
the splitter plate causes a disturbance in the flow field, even though the
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pressures are equal at the point of injection. One also sees evidence of dis-
turbances within the air nozzle that apparently influenced the downstream flow
development. These disturbances are caused by a normal gradient in Mach number
at the nozzle throat inlet brought about by the small radius of curvature in
that region (refer to Fig. 2). (A uniform flow in the throat region was assumed
in the nozzle design calculations.)

Pitot- and Cone-Static-Pressure Data - Figure 6 shows pitot-pressure
data for each of three B's. For each x, data were taken for 3 vertical locations
of the pressure rake. The pressure scales for various x's are displaced for
the sake of clarity. Significant time-wise pressure fluctuations were observed
in the high gradient region of the flow, and they are indicated in Fig. 6 by the
data brackets which show the maximum extent of the fluctuations and the time-
averaged pressure. The pressure data signals were sampled once every 2.25 sec,
and either 4 or 5 data points per test condition were made. The average value
was obtained by assuming a linear, time-wise variation between points.

The relatively long time between points and their small number make
it possible that neither the extents of fluctuation nor the time-averaged values
of pitot pressure were precisely determined, particularly for B = 0.088 (Fig. 6¢),
where both the fluctuations and the region of unsteady pressure are relatively
large. Therefore, personal judgement was used in defining time-averaged pressure
profiles over the unsteady region by drawing smooth curves within the limits of
fluctuations but not necessarily through the individual time-averaged data points.
The nonuniformity in these profiles outside the mixing region gives evidence
of flow field disturbances; moreover, pressure fluctuations are observed at
some points of the ummixed flow. Apparently in some cases these disturbances
occurred near the outer edge of the mixing region, which further complicated
the task of defining time-averaged profiles and led to some uncertainty in
the definition of the edges of the transport layers. The cone-static-pres-
sure data in Fig. 7, unlike the pitot-pressure data of Fig. 6, do not show
the existence of unsteadiness in the flow.

Gas Sample Data - The gas sample data shown in Fig. 8 include only
those points that indicated at least a trace of hydrogen. Some of the scatter
in these data is attributed to small leaks in the sample collection system
which could have occurred during the time between sample collection and sample
analysis. It is believed that the preferential effusion of hydrogen due to
its low molecular weight resulted in erroneously low hydrogen concentrations.
Accordingly, the curves in Fig. 8 were drawn through the points which show the
highest percentage of hydrogen. Even so, it was necessary to repeat many tests
before the curves could be reasonably defined, especially with the heated hydro-
gen (B = 0.088), and some data points were discarded (not shown).

Stagnation Temperature Data - Useful stagnation temperature data were
obtained only for the case of B = 0.088, where T, 6 was controlled, and the
results are shown in Fig. 9. Two data points shownlfor =x = 30, y < 1 were
not used to define the curve for x = 30 since they were inconsistent with
other points taken in the same region and their use in subsequent calculations
resulted in unrealistic flow property profiles., It is believed that a faulty
thermocouple junction caused the low readings (the three uppermost data points
at x = 30 were all measured with the same thermocouple). 1In the other cases
with unheated hydrogen (and air), the run-to-run variations in stagnation tem-
peratures were of the same magnitude as the temperature variations across the
flow field.
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Hence, it was not possible to define meaningful profiles. 1In these cases, the
stagnation temperature was assumed constant throughout the flow for the purpose
of data analysis. This constant temperature was taken as an arithmetic average
of th and Tte’ and is listed in Table II as Tt' An arithmetic average

temperature was favored over, say, a mass-averaged value since the former led
to more accurate calculations of Hy mass flux for the relatively small down-
stream distances (x S 30) over which data were taken. (The significance of an
accurate Hs; mass determination is discussed in Religbility of Results.) The
mass-averaged temperature, which would essentially equal Tte’ would obviously

be more appropriate for large downstream distances.

Hydrogen Slot Calibration - In some tests, the hydrogen flow rate was
measured with a calibrated metering venturi. From these tests, it was possible
to calculate the effective throat area of the hydrogen slot, the result being a
discharge coefficient of 0.90. This value was used to calculate hydrogen flow
rate in all other tests using the measured plenum conditions and the known
sonic flow relationships.

Deduced Flow Field Properties

The static pressure, static temperature, and velocity profiles shown
in Figs. 10-12 were calculated from the curves drawn in Figs. 6-9, respectively,
based on increments of y = 0.25 or less, as described in the Appendix. Be-
cause the shocks from adjacent cone probes would fall on or ahead of the cone
surface pressure taps at M < 1.36, the static pressures had to be estimated for
M < 1.36. The estimated values, indicated by crosshatching in Fig. 10, were
based on the following criteria: 1) the value and gradient of the deduced
pressure at the upper limit of y (M = 1.36) controlled the extension of the
profile into the region of smaller y, wunless this procedure was negated by
other considerations; 2) at y = 0, the pressure was set equal to the measured
wall value, with 3p/dy = 0 near the wall, in accord with boundary layer theory;
and 3) for intermediate values of y, the estimation was somewhat arbitrary
except for the restrictions of an upper limit on pressure imposed by the meas-
ured pitot pressure, and a lower limit imposed by the lowest possible ratio of
static-to-pitot pressure that corresponded to M < 1.36. (The validity of this
procedure is discussed in Reliability of Results.)

The deduced static temperature profiles for the heated hydrogen case
(B = 0.088) in Fig. 11 show the cooling effect of the massive wall, especially
at x = 30, It is interesting that the velocity profile at x = 2 in Fig. 12a
shows the wake-like character of the flow generated by the finite thickness of
the splitter plate. It is also noted that the flow property profiles do not
become equal to their freestream values in a regular manner, a fact that will
eventually be related to flow-field disturbances.

DISCUSSION OF RESULTS

Reliability cf Results

A sensitive test of the general validity of the experimental measure-
ments and the foregoing deduced flow property profiles in those regions where
hydrogen is present is established by integrating the H; mass flux distri-
butions of Fig. 13 and comparing the results with the independently measured
H, flow rates. The integrations from Fig. 13 were done with a planimeter,
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and the results are shown on the figure. For x > 7, the deduced H; flow
rates agree with the measured values to within + 10%, which is considered
quite good. The differences at x < 7 were < 197%. 1In gemeral, the differ-
ences can be related to the following effects, some of which are particularly
important at small x:

1) the necessity to estimate static pressure over a relatively
large portion of the region in which hydrogen is present (this effect
does not account for the high flows deduced for x = 2 and 7, since
in those cases the lowest possible pressure consistent with the pres-
sure data was assumed over most of the subject region);

2) the lack of detailed knowledge of the temperature field for
cases where unheated hydrogen was used, which introduced some error
in the results, especially at small x, where there occurred the
largest differences between the actual stagnation temperature and
the average value used in the calculations;

3) the relatively large errors in local mass flux due to small
errors in the measured hydrogen mole fraction that could possibly
occur in regions where the mole fraction was high (~ 0.9); and

4) departure of the velocity field from one-directionality.

At small x, the third of the above effects was probably the most significant.
For example, for x =2 and y = 1, the following conditions lead to a mass
flux of 20.5 Ib/sec-ft®: p = 16.5 psia, p;' = 32.6 psia, Ty = 543°R and

Xpg, = 0.947. 1If the latter conditions, excluding pt', are successively
varied, the following results are obtained: 1) a 307 decrease in p to 11.5
psia, which gives a permissible M of 1.337, gives a 4.9% decrease in hydrogen
mass flux; 2) a 2.8% increase in T, to 558°R, which was the average hydrogen
plenum temperature, gives a 1.3% decrease in mass flux; and 3) a 1.1% decrease
in Xy, to 0.937 gives a 4.7% decrease in mass flux.

Significance of Results

Some interesting aspects of the experimental results lie in the be-
havior of certain gross features of the flow field such as its integral prop-
erties, the absolute and relative growth rates of the transfer layers for
species, heat and momentum, the decay rates of maximum velocity, temperature
and hydrogen mass fraction, and the dependence of these various properties on
initial flow conditions. In order to determine the edges of the transfer
layers, it is important that the proper flow properties be examined. For ex-
ample, the edge of the turbulence-produced momentum transfer layer is not
sufficiently determined by the edge of the velocity layer, since the velocity
field can also be affected by pressure gradients and compressibility. The
correct approach must be based on an application of the mean flow conservation
equations. For this purpose, it is assumed that use of the boundary-layer
approximation to the steady-state conservation equations (Ref. 11) is wvalid,
with the exception that the normal pressure is not neglected. The particular
forms of the mean flow equations that are used in this discussion are as
follows:

10



Mass

d(pu)/dx + d3(pv)/dy = O e))
Species

d3(pu wi)/ax + d3(pv wi)/ay = - aji/dy i =Hy, air (2)
Energy

d(puH) /dx + 3(pvH)/dy = - 3q/dy 3)
Momentum

d(puP)/3x + d(pvu) /Oy = - dp/dx - OT/dy @)

The simplified form of the energy equation is for flows with laminar and tur-
bulent Prandtl and Lewis numbers equal to one. Although these conditions do
not in general exist for the present results, the simplicity introduced by
these restrictions is considered to be warranted in view of the overall accu-
racy of measurements and the presumably small effect on the overall conclusions.
The species mass flux jj, heat flux q and shear stress T, all of which in
general include both molecular and turbulent contributions, are assumed to be
dominated by turbulent transport. 1In general, the edges of the species,

energy and momentum transfer layers are, respectively, defined as the minimum
values of y at and beyond which j;, q and T and their y~derivatives
vanish. In initial treatments of the present data, it was assumed that the
normal velocity component v was negligible throughout the flow, in which

case Eqs. (2) to (4) reduce to the following forms for parts of the flow at

the edge and outside the transfer regions:

Species

3 (pu wi)/ax =0 (5)
Energy

d(puH)/d3x = 0 (6)
Momentum

o(p + puz)/ax =0 (7)

Equations (5) to (7) all have the form, 0E/dx = 0, where £ is a particular
flow property. They show that the procedure to be used in defining the trans-
fer layer edge at a particular x 1is to determine the value of y at which

€ equals its initial value and beyond which dE/3x = 0. However, this pro-
cedure was found unsatisfactory, one reason being the existence of a sizable
normal velocity, which can be implied qualitatively from the results as
follows. Equation (1) can be integrated between y = 0 and y = constant to

give
[ e ]

B{Jg {1 - (pu/peue)]dy}///ax = A% (x,y) /dx (8)

pv/peue

Equation (8) expresses the normalized (by Pty = constant), mnormal mass flux
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across a particular horizontal plane in terms of the local, axial gradient of

an integral property, which has been defined as A*(x,y). Moreover, the equa-
tion provides a means of determining local streamline deflection. Ideally, the
integrand in Eq. (8) would be essentially equal to zero for values of y greater
than the thickness of the mixing region. In this case, A% for a given x would
approach a constant value that is conventionally defined as the (nondimensional)
displacement thickness, 8*(x). The values of A* in Fig. 14 were obtained from
the data by graphical integration from y =0 to y = 5.75 wusing a planimeter.
It will be established later that the thickness of the mixing layer never ex-
ceeded y = 5.75 for the region in which data were taken; hence, A* would be
expected to have reached an essentially constant value by y = 5.75. Figure l4a
shows that, for B = 0.120? this result was realized for x < 20, but not at

x = 30. The result was not realized at all for the B = 0.088 case (Fig. l4b).

With regard to the actual determination of v, the profiles for A%
are not for sufficiently small increments of x to permit differentiation;
nevertheless, some qualitative results can be obtained by considering differ-
ences between the profiles. For example, values of A* in the region y =0
to ~ 1 are nearly independent of =x, implying that the flow is nearly parallel
to the wall. Furthermore, the thickness of this parallel flow region grows as
x increases. On the other hand, v has both positive and negative values out-
side the parallel flow region. For example, the profiles for B = 0.120 at
x = 0 and 2 show that JA*/dx (and, hence, v) is positive (downward) for vy ~1
to 2.3 but is negative for y > 2.3. For x between 2 and 4, v becomes pos-
itive for all values of y beyond the parallel flow region. However, for x
between 4 and 7, there again appear both positive (y ~ 1.5 to 3) and negative
(y > 3) v. For x > 10, v is apparently positive for all y outside the
parallel region. This last statement appears to hold as well for £ = 0.088.
Furthermore, the results obtained for f = 0.088 suggest that as f is decreased,
the thickness of the parallel-flow region near the wall is increased, but the
magnitude of v is increased in a large portion of the flow field outside
this region (i.e., for y = 2.3).

Because A% at a givemn x does not always approach a constant value
within the data region, it is impossible to determine displacement thickness
at all x's. What has been done is to determine &% at y = 5.75, and these
values are shown for each B in Fig. 15a, which more clearly shows how the
sign and magnitude of v on the y = 5,75 plane varies with x and B. The
values of 6%(x = 0) are computed from the ideal, initial flow conditions,
and they are simply: &%(x = 0) =1 - B. The slope of the curve shown in
Fig. 15a for p = 0.120 implies that v 1is negative for 0 < x <2 and
4 £x 57 and positive for 2 £x S 4 and x 2 7. Since the Mach angle is
28.4° for the Mach 2.10 external air flow, any disturbance generated at the
injection station should not affect the flow at y = 5.75 until =x > 8.8.
Hence, the fact that changes in v occur upstream of x = 8.8 indicates the
presence in the flow of preexisting disturbances, as were seen in the Schlieren
photograph of Fig. 5. (Further evidence of such disturbances is discussed
later.) Approximate values of v between =x = 20 and 30 can be calculated by
assuming a linear variation of 6% between these two stations. When this is
done, one finds pv/poUe = 0.049 and 0.066 for B = 0.120 and 0.088, respec-
tively. Using the values of p computed from the data at x = 20, the above
values correspond to v = 85 ft/sec and 90 ft/sec, respectively.

@Hereafter, "B = 0.120" indicates both Series 1 and Series 2 tests.
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Returning to the transfer equatioms, we find that Eqs. (2-4) can
be integrated over y and then combined with Eq. (8) to give:

y
ji = W, a(f pudy)//éx - B(Iy puwidyL/éx 9
0 0
Energy y ry
q9-9q,=H aj pudy/ax - 3 |] puHdy /ax (10)
0 0
Momentum y y
T-T Su B(IO pudA//gx - a[jo (p + puz)dy]//gx (11)

where the subscript w refers to wall conditions. When the requirements

j; =q =7 =0 are put on Eqs. (9) to (1l1), we obtain the conditions that
must exist at and beyond the transfer layer edges. For example, the edge of
the species transport layer is given by the value of y that satisfies the

condition:
Ye Ye
j oudyl /3x =3 J puwidy/ax (12)
0 0

The important thing to note about Eq. (12) is that w, = 0 1is not a neces-
sary condition for vanishing species transport. Rathér, Eq. (12) requires
only that changes in the axial convective flux of the species be balanced by
an equal change in the normal convective flux. Obviously, Eq. (12) and the
corresponding forms of Eqs. (10) and (1l1) can not be used with the present
data, since the data are insufficient for meaningful differentiation. How-
ever, to account at least partially for the normal convective flux, the
assumption is made that the following conditions are approximately satisfied
near the transport layer edges:

Species

[

W, O

1

wimwi; HmHe; U U (13)
e

When these conditions are applied to the normal convective terms in Egs.
(9) to (11), the following criteria for determining the transfer layer
edges result:

Species Ye
a“ pumidy)/ax =0, 1= H (14)
0]

Energy
y
a( Joe [(H/He) - l](pu/peue) dyl//gx = a&H(x)/ax = qw/peueHe (15)

Momentum

6( L:b {[P/peuee] + [(u/ue)- 1][pu/peue]] dyi//éx = P*(x)/dx = TW/peue2 (16)
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Equations (14-16) define the transfer layer edges, y , as the values of ¥y
at which the axial gradient of an integral property eguals a local, wall
boundary condition. Since these boundary conditions are independent of vy,
the values of these integrals should remain constant when their upper limits
are extended beyond Ver

Species Transfer Layer - The edge of the hydrogen transport layer is simply
the locus of points at which the mole fraction goes to zero, in Fig. 8, and
these values of y, are shown in Fig. 16 for the two values of B. For

B = 0.120, the species layer grows at a decreasing rate for x between O
and ~ 10, after which it grows at a nearly constant rate, dye/dx ~ 0.075.
For B = 0.088, vy, is larger and the nearly constant growth rate is
dy./dx ~ 0.085.

Energy Transfer Layer - Distributions of the integrand of Eq. (15) are plot-
ted in Fig. 17a for B = 0.088, which is the only case for which detail
temperature data are available. It is seen that, for each value of x, the
value of the integrand becomes essentially equal to zero at a rather well-
defined value of y. To demonstrate the importance of using the proper
parameter to define the transport layer edge, distributions of o(y = puH)
are plotted in Fig. 17b, It was shown earlier that if the normal velocity
v were negligible, « would be the proper quantity to use for identifying
the energy layer edge. However, Fig. 17b shows that «o does not approach
a constant value at a well-defined y. One might interpret the distributions
of o to mean that the energy layer edge occurs at the point (greater than
y = 1) where « reaches its maximum value immediately following the region
in which « rapidly increases. When this is done, however, the deduced
layer thickness is significantly smaller than that determined from the dis-
tributions of [(H/He) - 1] (pu/peug). The energy layer thickness deter-
mined from Fig. 17a has been plotted in Fig. 16, where it is seen that this
layer is almost identical to the species transfer layer. (When o is used
to define the energy layer, its thickness is more nearly equal to that of
the momentum transfer layer, which is discussed in the next paragraph.)
Values of the integral § defined in Eq. (15) were also computed from the
data for B = 0.088 and these are plotted in Fig. 15b. Observe that the
axial gradient of 6y, which is conventionally called the energy layer
thickness, is proportional to the wall heat flux. It is interesting that
the data show a nearly linear variation of 68y, implying a comnstant wall
heat flux of 4.6 Btu/sec/ft®.

Momentum Transfer Laver - The integrand of Eq. (16), which we will call
¢(x,y) for brevity, is plotted in Fig. 18 for B = 0,120, x = 2 and 10,
and for B8 = 0.088, x = 10. These distributions are typical of those com-
puted from the data, and they show the difficulty that is encountered when
an attempt is made to define the momentum transfer edge from them, i.e.,
the integrands do not approach a constant value at any y. The erratic
behavior of ¢ is believed due to pressure disturbances in the flow that
obviously affect ¢ considerably more than they affect quantities related
to heat transfer, a result that is generally true for shock waves. Hence,
an alternative approach is required to determine the momentum layer. For
this reason, attention must be focused on Eq. (1l1), rather than Eq. (16).
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It is first observed that, whereas ¢ behaves erratically, the integral of
¢ for varying values of the upper limit y results in relatively smooth
distributions (this will be demonstrated shortly). However, Eq. (11) can not
be expressed in terms of ¢ without further approximation. Hence, it is
assumed that tne normal convection term can be approximated for all y as

follows:
y
uaU‘ pudy)/ax ~ U B(Iy pudy)/ax (17)
0 0

We will eventually be interested in the integral of ¢ only in the region
of the transfer layer edge, in which case the approximation of Eq. (17) is
reasonable. It is also observed, with reference to Eq. (11l), that it can

no longer be assumed that T = 0 holds for any portion of the measured flow,
since T also includes the shock-generated shear stress, i.e., T = T¢ + Tg,
where T, is due to the turbulent mixing process and Tg is due to shock
waves. Thus, we must consider the equation

y
(t. - T)/pu?® ~ B(J cpdy)/ax = 30(x,y)/ax (18)
w e e 0
Equation (18) can be integrated over x to give the following result
X 2
F(x,y) = | (1, = 1) dx = p_u? [0Gx,y) = 6(0,5)] (19)
0

This equation has the following physical interpretation: First, consider a
fluid element bounded by vertical planes at x = 0 and x and by horizontal
planes at y = 0 (the wall) and y. Then, Eq. (19) expresses the total
shear force per unit area, F(x,y), acting on the element as the change, be-
tween O and x, of an integral whose upper limit is y. At this point, it
might be argued that, for a given x: 1) T, is independent of 1y, i.e.,
the shock disturbances have equally affected all parts of the flow in a
vertical plane; and 2) T, >> T4 for a large portion of the mixing region.
While mneither of these arguments is thought to be totally correct, they are
believed to be complementary to the extent that a significant change in the
character of the shear force distribution, F, evaluated at a constant x
should occur in the region where T, vanishes. Hence, it seems possible to
identify the turbulent, momentum transfer edge with the value of y at
which F changes character. This approach is explored by plotting values
of ®,y) in Fig. 19, where the points shown are the actual values deter-
mined from the data. Figure 19 shows that [B(x,y) - ®(0,y)] is also not
well-behaved, in that it changes sign in an intractable manner. On the
other hand, the distributions of O(x,y) themselves are relatively well-
behaved. Moreover, for each x there can be seen at least two distinct
portions of the ®(x,y) distribution, in each of which a well-defined var-
iation exists, and the two portions of which merge smoothly through a tran-
sition region. However, in order to identify an exact point along a distri-
bution curve, the data points on both sides of the transition region were
used to define two curves that were extended to an intersection point. The
value of y at this intersection has been taken as the edge of the momentum
transfer layer. It is noted that for some distributions in Fig. 19 there
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is another point at which a significant change in character occurs (e.g.,
x =7, vy =2). This presumably reflects the effect of strong, local dis-
turbances.

The momentum layer edges determined from Fig. 19 by the procedure
discussed above have been plotted in Fig. 16 for the two values of B. TFor
B = 0.120 and for the region x > 4, the momentum growth rate decreases to
a nearly constant value of dye/dx = 0.035 at x > 10. Since the momentum
layer had an unmeasured, finité thickness at x = 0 due to initial boundary
layers, it is not possible to state the behavior of the momentum layer for
x between O and 4. It is noted that the nearly constant growth rate of the
momentum layer is only about one-half that of the corresponding species
layer, which was larger for all x. For B = 0.088 and x > 10, the momen-
tum layer again shows a nearly constant growth, in this case dy /dx = 0.072.
While this growth rate is still less than those for the species &nd energy
layers, the relative increase in growth rate due to the decrease in B 1is
significantly larger for momentum transfer. 1In addition, the data suggest
the possibility for B8 = 0.088 that the thickness of the momentum layer
might even exceed that of the species layer for small x (x < 10), this
presumably being due to increased mixing brought about by a larger, initial
boundary layer in the hydrogen flow.

The locations of the momentum layer edge shown in Fig. 19 have
been transferred to the corresponding ¢ profiles of Fig. 18. It can be
seen in Fig. 18 that the layer edge is related to a region in which there
occurs a large gradient in the profile. 1In retrospect, one might attempt to
use this result to determine the layer edge directly from the ¢-profiles.
However, this was found to be difficult to do for the following reasons:
1) in many cases, the high gradient region extended over large y distances
which made it difficult to identify an exact point with the layer edge; and
2) in some cases (not particularly those shown in Fig. 18), the high gradient
region was apparently concealed by flow field disturbances to the extent that
it could not be definitely identified. 1In this connection, it is interest-
ing to relate the momentum layer edges shown in Fig. 19 to the velocity pro-
files of Fig. 12. The impossibility of consistently determining the momentum
layer edge from the velocity profiles is obvious.

The values of ®(x,y) for y = 5.75 have been plotted in Fig. 15c.
In the absence of flow disturbance, 3®(x,y = 5.75)/9x would be proportional
to the wall shear stress, Ty, since y = 5.75 1is beyond the momentum trans-
fer edge, in which case T = 0. Moreover, since T, was always negative in
these tests (no flow separation), 3®8(x,y = 5.75)/dx would also be always
negative, However, Fig. 15c shows, for B = 0.120, regions in which the
gradient of ® and, hence, (T, - T) = (T, - Tg) 1is positive. Thus, it is
concluded in this case that the flow at y = 5.75 was subjected to a pos-
itive shear stress, T4, due to shock disturbances. The disturbances were
apparently absent or weaker for B = 0.088, at least for x > 10. Due to
the presence of these flow disturbances, the data shown in Fig. 15c¢c can not

be used to estimate wall shear, Tw®

16



The contribution of the pressure term to the @ integral can be
subtracted out to give the following integral:

y
000 = [ 7 1@l - 11 Gule ey

The integral 6(x) (or more correctly, -8(x)) is conventionally called the
(dimensionless) momentum thickness. For completeness, values of 6(x,y =
5.75) have been plotted in Fig. 15d. However, this integral has very little
utility for the present tests due to the presence of a sizable normal pres-
sure gradient.

Decay of Mass Fraction, Velocity and Temperature Maxima - The decay rates
of maximum hydrogen mass fraction (wall value), maximum velocity referenced
to initial jet velocity, and maximum static tmperature referenced to initial
jet static temperature are shown in Fig. 20. The maximum mass fraction re-
mains at 1.0 through the transition region, the end of which occurs at
approximately x = 8 to 9 for B = 0.120. The data indicate that transition
is slightly longer for 8 = 0.088; however, the decay for the latter case
eventually becomes larger at x =2 23. The transition region for velocity
is essentially non-existent, undoubtedly due to the influence of boundary
layers existing in the initial flow. For x R 12, the velocity decay is
also greater for B = 0.088. Finally, the static temperature actually rises
and remains above its initial value for all =x. This result is explained by
the 1interplay of flow deceleration (rising temperature) and wall heat

transfer (decaying temperature), with the latter being the controlling
effect.

Study of Possible Flow Similarity - An interesting question at this point is
whether or not and to what extent the flow field approaches a condition of
self-similarity in the so-called fully developed flow regime, a result that

is characteristic of unbounded mixing layers. This question is particularly
important for the concentration profiles, since an affirmative answer would
mean that the concentration field, and, hence, the extent of H; combustion,
could be estimated for downstream distances beyond the region of measurements.
Moreover, it is only in the case of the concentration profiles that possible
scale factors can be easily identified and tested. For this purpose, the
following dimensionless quantities are defined:

w=1- [wﬁg/(wﬂg)w] y = y/(ye)H2

where (w_ ) is the wall value of hydrogen mass fraction and (y ) is
Ho'w e’ Hy

the species layer edge. The data given in Fig. 8 were used to calculate 6

for increments of y = 0.5. The results are plotted in Fig. 21 for x > 10

and each value of B, For B = 0,120, the dimensionless profiles do not

define a single curve. However, for B = 0.088, the profiles at x = 20 and

30 are nearly identical and only slightly different from the profile at

x = 10. Moreover, the profile at x = 30 for B = 0.120 is nearly identical
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to the B = 0.088 profiles. 1In addition, it is noted that the profiles for

B = 0.088 do not show a systematic deviation from the curve drawn in the
figure, suggesting that the deviation is at least partly due to experimental
error. While the number of profiles is not sufficient to permit binding
conclusions, it appears that the profiles approach a nearly self-similar

form at an x within the present region of measurements. If this is accepted,
then an extrapolation of the curves for (Ye)Hé and (wa)w’ given in Figs. 16

and 20, respectively, can be used to estimate concentration profiles for
x > 30.

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Detailed probe measurements have been used to deduce the flow
field development for parallel injection of hydrogen at Mach 1.19 from
a rectangular wall-slot into a Mach 2.1 airstream. Two conditions of
initial hydrogen-to-air mass flux ratio were tested. On the basis of the
data analysis, the following conclusions are stated:

1) The good agreement obtained between measured total hydrogen
flow rates and area-integrated mass flux distributions gives confi-
dence in the experimental results.

2) The turbulent mixing layer thicknesses grow at a nearly
linear rate beyond a downstream distance which, for the present
test conditions, is approximately 10 slot heights.

3) Mixing layer growth rates for species and energy are
apparently equal, and they exceed the momentum layer growth rate.

4) The layer growth rates for all quantities increase as
the initial hydrogen-to-air mass flux ratio is decreased, even
though the initial momentum flux ratio is maintained constant.
The data indicate that the effect is largest for momentum transfer.

5) For downstream distances of the order of 10 or more slot
heights, the decay rates of species mass fraction and velocity
maxima increase with decreasing mass flux ratio.

6) The species mass fraction profiles appear to approach a
self-similar condition at a downstream distance that decreases
with decreasing mass flux ratio and which does not exceed 30 slot
heights for the present test conditions.

7) The results of this study confirm the conclusion that,
in a variable density, variable pressure flow field, the transfer
layer boundaries must be related to the proper flux vectors,
rather than to flow field properties such as velocity or temper-
ature.

18



Recommendations

Recommendations for future work to extend and complement the
present effort are listed below:

1) To provide additional data necessary for an analytical
solution of this problem, future work should include more detailed
measurements of the wall-adjacent flow field with a view toward
assessing the relevancy of a two-layer flow model.

2) Future tests should include a wider variation of initial
conditions. In addition to varying injectant-to-freestream mass
flux ratio, the effect of varying momentum flux ratio should be
evaluated. Measurements should be taken at larger downstream
distances in order to fully assess the attainment of self-similar-
ity in the flow property profiles.

3) Eventually, tests should be conducted in which the effect
of chemical reaction on the mixing process is evaluated.
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APPENDIX

Method of Flow Field Calculations

The method used to deduce flow field properties from the experi-
mental data is described herein. The data treatment is based on the
following assumptions:

(1) The experimental probes respond only to the axial
motion of the flow, or, equivalently, the motion
is one-dimensional.

(2) The specific heat ratio is constant at vy = 1.4
for Hz-air mixtures of arbitrary composition.

(3) The mean flow is steady.

The surface pressure coefficient, Cp, of the cone-static-
pressure probe is defined as:

C, = (p, = PY/(YPM'/2) (A-1)
where p is freestream static pressure, p. is the average of the four
cone-surface~pressure measurements and M is Mach number. The measured
pitot-pressure, pt', is introduced into Eq. (A-1), and the equation is re-
written as:

p./P

¢ = ®/p.") 1+ (yM® Cp/2>] (A-2)

Using the values of p/p.' and C, that are given as a function of M
in Ref. 12, Eq. (A-2) is plotted versus M. The measured p. and pt'

are then used to determine M from this plot, after which p 1is deter-
mined from Eq. (A-1), which can also be plotted in the form:

p/p, = [1+ (nf c /)7 (A-3)

The measured H; mole fraction, XHQ’ is used to calculate the
mixture molecular weight, M, as follows:

M= 2.016 X, + 28.965 (1 - X_ ) (A-4)

Hy Ho

where the molecular weights of H, and air are taken as 2.016 and 28.965,
respectively. The gas constant, R, is then given by:

R = 1545/M (A-5)
and the H; mass fraction, Wy s is given by:
]
= 2.016 X A-6
Oy }bﬂﬂ (A-6)



If conductive and radiative heat losses are neglected, the
following relation holds between measured (Tt') and actual (Tt)
stagnation temperatures:

r (Tt' - T)/(Tt - T) Aa-7)
where' T is static temperature and r is the probe recovery factor

(Ref. 13). 1In general, r is a function of Reynolds and Prandtl numbers.
However, in this report r 1is assumed constant at 0.948, which is the value
required to give agreement between the measured and known air (free~stream)
stagnation temperatures. The energy equation for adiabatic flow in the
form:

Tt/T =1+ (y-1) M/2 (A-8)
is combined with Eq. (A-7) to give
/T = L+ (v - 1) /2] -9

from which T 1is determined. The mixture enthalpy (per unit mass), h,
is given by

h (1 - w,)h (A-10)

T oy, My F ! Mair

The Hy and air enthalpies are determined versus T from Ref. 14.

The remaining properties are calculated from:

1

Speed of sound definition: u =M (ygRT)® (A-11)
Equation of state: p = p/RT (A-12)
Ma fraction definition: =W A-13
ss P, b, P ( )
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TABLE |

TEST CONDITIONS AND FIGURE LEGEND

RUN Ire Pt I'i Py X LEGEND FIGURE
{ R) (psia) (R} {psia)
50 522 137 550 35.2 2 ° 6a, 7a
53 527 133 561 36.3 1 ]
57 531 135 557 35.7 A
51 524 136 552 35.3 4 0
54 525 135 564 36.4 o
58 529 135 559 36.7 1 A
52 524 135 554 36.4 7 o
55 530 135 558 35.9 4
59 528 135 560 35.3 X
33 524 134 543 36.2 10 ™ 6b
36 528 134 547 35.9 "] 6b, 7b
29 526 135 546 35.4 1 A 1
34 524 135 551 36.4 20 1) 6b
37 526 134 549 36.2 1 O 6b, 7b
31 517 135 536 35.8 A ]
35 524 134 549 37.0 30 4 6b
38 526 135 547 35.8 1 w 6b, 7b
32 515 133 534 36.8 X }
73 477 134 960 35.5 10 ® 6c, 7c
76 491 136 35.7 a
79 489 135 337 A
74 478 136 35.3 20 o
77 489 135 35.3 1 0
80 482 135 34.4 A
75 486 133 35.5 30 v
78 487 137 35.3 o
81 482 134 34.4 1 X
60 524 133 554 35.8 2 ° 8a
63 532 136 564 35.4 l ]
66 513 133 549 34.4 A
61 534 132 550 35.9 4 o
64 549 134 585 36.3 l 0
67 508 133 556 35.0 A
62 533 133 556 36.0 7 4
65 537 135 568 35.0 l -4
68 517 133 553 35.0 X
33 524 134 543 36.2 10 ™ 8b
5 511 134 540 36.8 ™
9 518 135 533 35.9 A
20 521 135 544 35.2 *
34 524 135 551 36.4 20 o
7 514 135 534 35.4 o
11 509 135 527 36.4 A
24 518 135 548 36.7 o
30 519 136 535 35.3 30 o
8 512 135 537 36.4 1 e
22 510 135 535 35.4 A
100 487 134 960 34.0 10 Py 8c
95 505 134 35.3 s
92 498 134 35.3 A
83 484 135 34.0 *
99 486 133 35.0 20 o
90 479 136 35.0 o
93 494 135 34.7 A
84 478 135 34.4 o
98 485 135 35.7 30 P
91 478 133 345 4
94 494 135 35.3 &
97 481 133 35.0 &
86 496 136 345 10 ° 9
95 505 134 35.3 .
92 498 134 35.3 A
99 436 133 35.0 20 o)
96 433 134 35.0 &)
93 494 135 34.7 A
98 485 135 35.7 30 o
97 481 133 35.0 4
94 494 135 35.3 &
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TABLE N

INITIAL FLOW FIELD PROPERTIES

X Tie th Tt Pt ptj Me M] Te Tj P p,'
SERIES Ry | CR) | °R) | (psial | (psia) CR) | (°R) | (psia) | (psia)
1 2,4,7 527 558 543 | 135 355 2.10 1.19 280 435 | 148 148
2 10,20,30 | 520 541 530 276 422
3 10,20,30 | 487 960 259 748
X X
Pe b U Yi Plbe | wh, | T, | B RS | R
SERIES {1077 LB/FT3) | (102 LB/FT3) | (FT/SEC)|IFT/SEC)| (1072) (10%) | (105)
1 2,47 1.43 6.39 1723 4611 4.48 2.68 155 | 0.120 | 6.27 1.03
2 10,20,30 1.45 6.59 1710 4542 455 2.66 153 | 0.121 6.40 1.07
3 10,20,30 1.54 3.72 1656 6048 2.41 3.65 2.89 | 0.088 | 7.00 0.55

(1) BASED ON SLOT HEIGHT, 7/32 INCH.
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26




L2

0.077 | —-i }‘—0.055 DIAMETER

_1

1.000 '~ 0.265 /L)\ AEROGRID DETAIL
0.500‘_1 o

20

AEROGRID
(see detail)

0.250 {0.219 SLOT, 0.031 LIP}

1.003 -
4.503 | I
1.830
3.750 height x
4,000 depth
i

| 5
5.780 10.000
I 3

DIMENSIONS ARE IN INCHES

FIG. 2 SCHEMATIC OF EXPERIMENTAL MODEL



EXPERIMENTAL MODEL (NEAR WINDOW FRAME REMOVED).
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HYDROGEN MOLE FRACTION
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STAGNATION TEMPERATURE (100°R)
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VELOCITY (1000 FT/SEC)
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HYDROGEN MASS FLUX (LB/SEC-FT2)
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FIG. 13 DEDUCED HYDROGEN MASS FLUX DISTRIBUTIONS
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FIG. 19 NORMAL DISTRIBUTION OF INTEGRAL RELATED TO MOMENTUM TRANSFER



MAX. MASS FRACTION, RATIO OF MAX. VELOCITY TO INITIAL JET VELOCITY

AND RATIO OF MAX. TEMPERATURE TO INITIAL JET TEMPERATURE
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FIG. 20 COMPARISON OF DECAY RATES OF MASS FRACTION,
TEMPERATURE AND VELOCITY MAXIMA.
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